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Separation of saccharides using 
fullerene‑bonded silica monolithic 
columns via π interactions in liquid 
chromatography
Hiroshi Kobayashi1, Kazuya okada2, Shinnosuke tokuda2, eisuke Kanao2, Yusuke Masuda2, 
toyohiro naito2, Hikaru takaya3, Mingdi Yan4, takuya Kubo2* & Koji otsuka2
We report on a potential method to separate sugars by using the specific interaction between 
fullerenes and saccharides in liquid chromatography (LC). Aromatic rings with high electron density 
are believed to interact strongly with saccharides due to CH–π and/or OH–π interactions. In this study, 
the fullerene-bonded columns were used to separate saccharides by LC under aqueous conditions. As 
a result, 2-aminobenzamide-labeled glucose homopolymer (Glcs) was effectively separated by both 
C60 and C70 columns in the range of Glc-1 to Glc-20 and high blood glucose level being retained in 
greater quantity. Furthermore, similar separations were identified by LC–mass spectrometry with non-
labeled glucose homopolymers. Theoretical study based on molecular dynamics and DFT calculation 
demonstrated that a supramolecular complex of saccharide–fullerene was formed through CH–π 
and/or OH–π interactions, and that the interactions between saccharide and fullerene increase with 
the increase units of the saccharide. Additionally, the C60 column retained disaccharides containing 
maltose, trehalose, and sucrose. In this case, it was assumed that the retention rates were determined 
by the difference of the dipole moment in each saccharide. These results suggest that the dipole-
induced dipole interaction was dominant, and that maltose—with the higher dipole moment—was 
more strongly retained compared to other disaccharides having lower dipole moment.
Recently, biopharmaceuticals have been widely applied in a variety of human medical therapies, and glycoprotein-
based antibodies have performed remarkably well, dominating the more typical low molecular weight medicines. 
Biopharmaceuticals can have very individualized designs through the installation of specific ligands, and there-
fore can be used as efficient tumor-targeted drug delivery  systems1,2. Generally, most of these biopharmaceuticals 
are produced by collecting antibodies from an immunized animal, such as a mouse. Heterogeneous sugars are 
then introduced during the process of post-translational modification. The difference of the sugar chains affects 
the activity of the  antibodies3,4 and their  stability5,6; therefore, the separation procedures used are key to ensure 
that the medicinal properties of the molecule are retained. These antibodies are usually separated by using liq-
uid chromatographic techniques such as affinity  chromatography7–9, size  exclusion10,11, ion-exchange12,13, and 
hydrophobic  interaction14 to remove contamination. However, the differences in the sugar chains cannot be 
identified using these techniques.
On the other hand, many methods for separating saccharides have been developed in liquid chromatography 
(LC). For example, boronate affinity has been utilized due to its ability to recognize diols and further applica-
tions have also been  reported15. Additionally, ionic  liquids16 and capillary  electrophoresis17 have been recently 
applied to the separation of a variety of carbohydrates. Hydrophilic interaction chromatography (HILIC) is one 
of the greatest tools for the separation of saccharides in  LC18–21. In HILIC, a hydration sphere onto the separa-
tion media provides specific interaction with polar compounds. Therefore, the interaction is interfered in case 
of using aqueous solvents with higher water contents as a mobile phase, and the solubility of most saccharides is 
not advantageous in organic solvents, which are usually employed in HILIC with higher contents as the mobile 
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phases. As a unique separation system for saccharides, even in using aqueous solvents with higher water con-
tents, porous graphite carbon (PGC) is often used, especially for the separation of sugar chains cleaved from 
 glycoproteins22–24. In this system, the CH–π interaction based on the dipole-induced dipole interaction may 
contribute to the interaction between PGC and  saccharides25–27. The potential energy of the dipole-induced 
dipole interaction can be expressed as an Eq. (1)28
where U, μ, α, ε0, εr, and r are the stabilization energy, dipole moment of a polar molecule, polarizability of a 
stationary phase, dielectric constant in vacuum, dielectric constant of a solute, and intermolecular distance, 
respectively. Based on the theoretical understanding, we expect that a PGC with high polarizability provides 
the strongest dipole-induced dipole interaction. Furthermore, Zhao et al. reported the strength of the CH–π 
interaction between aromatic rings and alkyl chains by peak shifts in 1H-NMR, and subsequently demonstrated 
that larger number of electrons in aromatic rings and higher polarizability provided increase of the CH–π 
 interaction29,30. Therefore, PGC with rich electrons may indicate a strong CH–π interaction with saccharides. 
Also, it is anticipated that each sugar chain has a different dipole moment, resulting in the difference of the CH–π 
interaction with PGC. Fernández-Alonso et al. indicated the difference in the CH–π interaction which occurs 
due to the position of the OH groups in monosaccharides by 1H-NMR and computer  simulations31,32.
As well as PGC, nanocarbon materials such as fullerenes, are expected to provide effective π interactions due 
to their high electron  density33–36. Previously, we successfully prepared  C60- or  C70-fullerene (C60, C70) bonded 
separation media using a silica monolithic capillary and a thermo-reactive agent, perfluorophenyl azide. Then, 
the specific π interactions were identified for spherical  recognition37–40, CH–π  interaction41,42, and halogen–π 
 interaction43,44. According to these effective intermolecular recognitions, we anticipated that the fullerene-bonded 
separation media might be useful for the separation of saccharides via the CH– or OH–π interaction as well as 
dipole interaction. In this communication, we investigated the possibility of separating saccharides (Fig. S1) with 
fullerene-bonded columns in LC and used computer simulation to assess theoretical considerations.
Results and discussion
C60- or C70-conjugated molecules were successfully synthesized using the methods of our previous  studies41,43. 
Then, C60- or C70-bonded silica monolithic capillaries (C60 column or C70 column) were also prepared (see 
Scheme S1, S2, and Fig. S2). In general, most saccharides are not available for detection by UV absorption, so 
instead chromophores are utilized for this detection. Here, we employed 2-aminobenzamide (2-AB), which 
is well-known as a labelling reagent for  saccharides45. In the separation of 2-AB labeled saccharides, even an 
authentic hydrophobic column modified with octadecyl-silyl groups (ODS) under gradient elution with aqueous 
acetonitrile (MeCN) worked for efficient separation as shown in Fig. S3. In this process, the difference in the 
hydrophobicity of the labeled saccharides contributed to the separation. As mentioned above, we anticipated that 
the π interactions could be worked between fullerenes and saccharides, therefore, MeCN was not suitable for the 
mobile phase because C≡N group might interfere the π interactions. Thus, we optimized the mobile phase condi-
tions for the separation of 2-AB labeled glucose homopolymers (2AB-Glcs) using C60 and C70 columns in LC 
with the reversed-phase mode. As an additive for the gradient elution, 2-propanol was employed. Figure 1 shows 
the chromatograms of 2AB-Glcs in C60, C70, and ODS columns. From these chromatograms, we confirmed the 
efficient separations of 2AB-Glcs by using C60 and C70 columns. The elution order of 2AB-Glcs was identified 
based on an increase in retention along with increasing the number of glucose units, although the detections 
of high blood glucose level, especially over Glc-20 were difficult because of the lower relative UV intensity. In 
contrast, all 2AB-Glcs were eluted together in the ODS column. Interestingly, although the ODS column worked 
for the separation with the MeCN gradient (Fig. S3), the 2-propanol gradient did not affect separation. According 
to these separation behaviors, it is assumed that the separation mechanisms in the fullerene-bonded columns are 
affected not only by the hydrophobic interaction but also by CH–π and/or OH–π interactions between fullerenes 
and Glcs, as they were in our previous  study46.
To confirm the contribution of the π interactions between fullerenes and Glcs, non-labeled Glcs were ana-
lyzed by LC–mass spectrometry (LC–MS). Furthermore, ODS columns were also evaluated to compare the 
hydrophobic interaction and the effect of silanol groups. For each column, we employed the optimized LC con-
ditions, in which the best separation of Glcs was attained. The total ion chromatogram (TIC) and the separated 
Glcs (selected molecular weight) of each homopolymer are summarized in Fig. 2. Briefly, to identify the effect 
of the remaining silanol groups in the silica-based  columns47, the ODS column, which was end-capped with 
acetyl chloride  (ODScapp), was also evaluated. As shown in Fig. 2a,b, the separation of Glcs was not observed in 
either ODS column. Although the retention of Glcs was slightly higher in the non-capped ODS column, both 
the hydrophobicity and the interaction with silanol groups did not affect the retentions for Glcs in the aque-
ous LC conditions. On the other hand, the C60 and C70 columns showed some separation of Glcs as shown in 
Fig. 2c,d. Compared to the separation of 2AB-labeled Glcs, the retention strengths of Glcs were weaker in non-
labeled Glcs. The results are easily understood because of the hydrophobicity and π–π interaction among 2AB/
fullerenes. Interestingly, the Glcs were still separated due to the increase of the glucose unit in both columns. 
Here, according to our previous studies, fullerenes effectively allowed π interactions, such as the CH–π and/or 
OH–π  interactions41,42,46. For this comparison, the measurements were conducted for non-labelled saccharides 
with the applied columns and the results showed that the separation was achieved for using C60/C70 columns, 
but not for using C18 columns. Therefore, it would be better to say the significance/advantage of separation of 
non-labelled saccharides.
The contribution of non-bonding interactions in the LC-separation of Glcs was assessed by the stabilization 
energy gained through the formation of fullerene C60/Glcs supramolecular complex. Theoretical simulations 
(1)U = −µ2α/ (4pe0er)2r6
3Vol.:(0123456789)
Scientific RepoRtS |        (2020) 10:13850  | https://doi.org/10.1038/s41598-020-70904-3
www.nature.com/scientificreports/
were carried out to calculate the stabilization energy (Ebinding) of C60/(Glc-n) with their supramolecular struc-
tures which reveal the precise binding mechanism between the aromatic surface of C60 and Glcs. The initial 
molecular geometry of C60/Glcs complex was explored by simulate annealing (SA) and the resulting most stable 
structure was further optimized by density functional theory (DFT) calculation at the M06-2x/6-31G(d,p) level 
of theory including a solvent effect of water to afford the stabilized structures of Glc-1, 2, 4, and 8 as shown in 
Fig. 3a and Figs. S4–S8.
The stabilization energy of Ebinding was finally calculated on these structures by removing a basis set super-
position error (BSSE)48 at the same level of theory (Table S1). The energetically attractive formations of the 
supramolecular complexes Glc-1, 2, 3, 4, and 8 are achieved through the intermolecular non-bonding contacts 
induced by CH–π, OH–π, and lone pair–π (O:–π) interactions, which have been reported as crucial factors 
for the formation of supramolecular complexes such as C60-H2O49–51, CNT-ethylene  glycol52, and graphene-
hexanediol53. The conformational flexibility in molecular framework of sugars enables maximal contact on the 
curved π-surface of fullerene in the C60-Glcs complexes. Indeed, the total number of π-interactions in Glc-1, 2, 
3, 4, and 8 linearly increases with the degree of polymerization (DP) in (Glc-n) (n = 1–4, 8) as 8, 12, 14, 16, and 
32 points, respectively and the induced conformational change of Glcs frameworks allows efficient adsorption 
to the surface of fullerene (Figs. S4–S8, Table S3). It is noteworthy that both the DP and the total number of 
interaction points in Glc-1, 2, 3, 4, and 8 show proportional relationships to the corresponding Ebinding which 
clearly illustrate the pivotal role of non-covalent interactions in the excellent fullerene-based separation of Glcs 
as depicted in Fig. 3b.
As further applications, the retention behaviors toward di-saccharides, including maltose, trehalose, and 
sucrose without any labeling, were evaluated with the fullerene columns. For the comparison, an original sil-
ica-monolith (Silica), amino-monolith (Amino), and ODS-monolith (ODS) were also evaluated. As shown in 
Scheme S2, Silica ad Amino columns were intermediates of the fullerene columns, therefore, we confirmed the 
effects of these functional groups for the separation. Furthermore, a PGC column was utilized as a comparison 
column, which is often used for the separation of  saccharides54–56. As shown in Table 1 and Fig. S12, the elution 
order was trehalose, sucrose, and maltose and this order was similar in the PGC column. Although the C70 
column also provided the same elution order, the absolute retentions for these analytes were lower. The differ-
ence between C60 and C70 may be caused by the immobilization density of  fullerenes37. Briefly, the density of 
C60 was almost double that of C70, thus the retentions of small-sized saccharides were not as strong as shown 
Figure 1.  Chromatograms of 2AB-labeled Glcs in LC. LC conditions: columns, (a) C60, (b) C70, (c) ODS; 
column size, 25.0 cm × 100 μm i.d.; flow rate, 350 nL  min–1; mobile phase, 2–4% 2-propanol aq. linear gradient 
for 45 min (C60 column), 4–8% 2-propanol aq. linear gradient for 45 min (C70, ODS column); detection, UV 
214 nm.
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in Fig. 2c,d. Regarding hydrophobicity, the octanol–water partition coefficient (log P) of maltose, trehalose, and 
sucrose are − 5.0, − 3.7, and − 3.3,  respectively57. Furthermore, the retention differences of these analytes were 
not observed in the ODS column. According to these considerations, the retention of di-saccharides in the C60 
column was not caused by hydrophobicity. Moreover, both the silica and amino columns did not provide any 
retention of di-saccharides; therefore the functional groups, such as silanol and amino, did not affect the reten-
tion of di-saccharides in the C60 column.
As another possibility in the interaction between C60 and di-saccharides, the dipole-induced dipole interac-
tion may potentially work as well as in the PGC column. The dipole moments of trehalose, sucrose, and maltose 
were previously estimated as 1.5, 2.5, and 5.2,  respectively58. Figure 4a shows the relation between the square of 
the dipole moment (μ2) and the naturalized logarithm of the retention factor (ln k) or estimated binding energy. 
The retention factor, k, is defined as follows; k = (retention time of the analyte − void time)/void time. According 
to this figure, the retention behaviors of di-saccharides in the C60 column were similar to the PGC column. 
These results suggest that the induced dipoles were led by the dipoles of di-saccharides both in the C60 and 
PGC columns. As shown in Fig. 4b, the theoretical adsorption analysis of C60-disaccharide complexes clearly 
demonstrates that the order of Ebinding is certainly agreed with the order of retention time and the total number 
of non-covalent interactions monotonically increases according to the increase of dipole moment of saccharides 
(Table S2 and Figs. S9–S11).
conclusion
In summary, we report the separation of saccharides using fullerene-bonded columns. Both C60 and C70 col-
umns provided effective retention of Glcs through π interactions. Computer simulations also supported the 
strong interaction between fullerenes and saccharides. Additionally, even in smaller saccharides, the differences 
in retention due to the dipole moments of di-saccharides were proposed. We believe that in the future, the 
fullerene-based separation media will be possible to contribute the separation of oligosaccharides and glyco-
proteins without any labeling in LC.
Figure 2.  Chromatograms of non-labeled Glcs in LC–MS. Conditions: columns, (a) ODS (end-capping), (b) 
ODS (no-capping), (c) C60, and (d) C70; column size, 25. 0 cm × 100 μm i.d.; flow rate, 350 nL  min–1; mobile 
phase, (a, b) 2–6% acetonitrile aq. linear gradient for 45 min, (c) 2–4% 2-propanol aq. linear gradient for 
45 min, (d) 4–8% 2-propanol aq. linear gradient for 45 min; detection, negative ion mode.
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Figure 3.  (a) Stabilized structure and the binding energy (Ebinding) among C60/Glc-n in water and (b) 
Relationships between the energy (Ebinding, kcal/mol) and the degree of polymerization of (Glcs)n (n = 1–4, 8) and 
the total number of interactions including CH–π, OH–π, and O:–π.
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Methods
Chemicals and reagents. Acetone, diethylether, magnesium sulfate, sodium hydroxide, dichlorometh-
ane, chlorobenzene, toluene, ethyl acetate, methanol, ethylbenzene, butylbenzene, hexylbenzene, phenyloctane, 
tetrahydrofuran (THF), chloroform, n-hexane were purchased from Nacalai Tesque (Kyoto, Japan), methyl 
pentafluorobenzoate (MPFB), diethyl amine, 3-aminopropyltrimethoxysilane (APTMS), d-( +)-trehalose dihy-
drate from Tokyo Chemical Industry (Tokyo, Japan), sodium azide, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC), d-( +)-glucose, maltose monohydrate, sucrose from Wako Pure 
Chemical Industries (Osaka, Japan),  C60-fullerene (C60),  C70-fullerene (C70), dextran (Mw = 1,000) (glucose 
homopolymer) from Sigma-Aldrich Japan (Tokyo, Japan), 2-AB Dextran Calibration Ladder (2-AB labeled glu-
cose homopolymer) from Waters (USA), respectively. Deionized water was obtained by a Milli-Q Direct-Q 3UV 
system (Merck Millipore, Tokyo, Japan). Silica monolithic capillaries (ULTRON HF-SIL, ULTRON HF-ODS) 
were purchased from Shinwa Chemical Industries Ltd. (Kyoto, Japan). Porous graphite carbon column (PGC 
column) was purchased from Thermo Fischer Scientific USA).
instruments46. A capillary liquid chromatographic system consisted of a DiNa S (KYA Technologies, Tokyo, 
Japan) as a pump, a CE-2070 (JASCO, Tokyo, Japan) as a UV detector, a CHEMINERT (Valco Instruments, 
Houston, TX) as a sample injector, and a Chemco capillary column conditioner Model 380-b (Chemco, Osaka, 
Japan) as a column oven. As an HPLC system, a Prominence series (Shimadzu, Kyoto, Japan) was used. FT-IR, 
NMR, elemental analysis, and fast atom bombardment mass spectrometry (FABMS) were carried out by a Nico-
let iS5 ATR (Thermo Fisher Scientific, Yokohama, Japan), a JNM-ECA500 spectrometer (JEOL, Tokyo, Japan), a 
Flash EA1112 (Thermo Fisher Scientific), and a JMS-700 (JEOL), respectively. LC–MS system was consisted of 
Ultimate 3,000 nano and Exactive plus (Thermo Fisher Scientific).
MS conditions. Polarity, negative; spray voltage, 1.8 kV; capillary temp, 295 °C; maximum IT, 150 ms; reso-
lution; 17,500; scan range; 300–2000 m/z.
Table 1.  Retention time (RT) of di-saccharides and RDSs. Conditions: columns, C60 column 
(75.0 cm × 100 μm i.d.), C70 column (75.0 cm × 100 μm i.d.), PGC column (5.0 cm × 4.6 mm i.d.), ODS column 
(55.0 cm × 100 μm i.d.), silica column (75.0 cm × 100 μm i.d.), and amino column (75.0 cm × 100 μm i.d.); flow 
rate, [1] 500 nL  min–1, [2] 1.0 mL min–1; mobile phase, [1] water, [2] 2% 2-propanol aq.; detection, UV 190 nm.
Maltose Sucrose Trehalose
RT (min) RSD (%) RT (min) RSD (%) RT (min) RSD (%)
C60[1] 15.31 1.36 14.68 0.62 14.19 0.55
C70[1] 12.74 1.07 12.47 0.34 12.43 0.54
PGC[2] 2.35 0.34 1.90 0.48 1.31 0.65
ODS[1] 9.63 0.48 9.61 1.77 9.33 0.48
Silica[1] 13.00 0.55 13.09 0.12 12.98 1.89
Amino[1] 13.14 0.25 13.29 1.55 13.19 0.25
Figure 4.  Relationship between the dipole moment and retention of di-saccharides. (a) the naturalized 
logarithm of the retention factor, k, (b) the estimated binding energy with C60.
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Synthesis of 4-azido-2,3,5,6-tetrafluorophenyl succinate. Methyl pentafluorobenzoate 
(18.3 mmol) and sodium azide (20 mmol) were dissolved in water/acetone = 5/12 (v/v), and the mixture was 
reacted at 120 °C for 20 h under  N2 atmosphere. After the extraction with diethyl ether and dehydration with 
sodium sulfate, the solvents were dried up (PFPA-CO2CH3). Then, the residue was dissolved in methanol/10% 
NaOH aq = 4/1 (v/v) and stirred for 30 min. After the neutralization with 6 M HCl and extraction with chlo-
roform, the organic layer was dehydrated and the solvents were removed. The product (PFPA-COOH) (4.09 g, 
(17.4 mmol) was dissolved in dichloromethane with EDAC (17.2 mmol) and NHS (17.2 mmol), and then the 
mixture was stirred at room temperature for 16 h under  N2 atmosphere. The mixture was washed with water to 
remove unreacted EDAC and NHS. The chloroform layer was dehydrated and the solvent was removed. After 
silica-gel column chromatography with dichloromethane as a solvent, 4-azido-2,3,5,6-tetrafluorophenyl suc-
cinate (NHS-PFPA) was isolated.
Synthesis of NHS-PFPA conjugated C70 or C60. C70 or C60 (0.12 mmol) and NHS-PFPA (0.24 mmol) 
were dispersed into chlorobenzene. The mixture was reacted at 108 °C in an oil bath for 120 h under  N2 atmos-
phere. After removing the solvent, the residue was purified by silica-gel column chromatography using toluene/
ethyl acetate = 10/1 (v/v) as a solvent to remove the excess of unreacted compounds. Then, the products were 
dissolved in small amount of toluene and add excess of n-hexane for precipitation of a product. The precipitation 
was washed with n-hexane and methanol. Finally, the objective products (NHS-PFPA-C70) were isolated and 
characterizations were carried out by FABMS and elemental analysis.
Surface modification of the silica monolith with NHS-PFPA-C70 or NHS-PFPA-C60. The pro-
cedures were similar to our previous  studiesy36,38,41. The silica-monolithic capillary was treated with 1.0 M aque-
ous sodium hydroxide at 40 °C for 3 h. After washing with water and methanol, APTMS in methanol (10%, 
v/v) was passed through the silica-monolithic capillary for 24 h and washed with methanol. NHS-PFPA-C70 in 
toluene (8.0 mg mL−1) was charged into the  NH2-monolith for 48 h at room temperature, washed with toluene 
and methanol.
Computational details. The initial geometries of 1:1 complex with  C60 and glucose oligomers (Glcs-n) 
(n = 1–4, 8) or disaccharides (trehalose, sucrose, α-maltose) were obtained by simulated annealing (SA) using 
Forcite program bundled in Material Studio 2019 package. The resulting most stable geometries were further 
optimized at M06-02X/6-31G(d,p) level of density functional theory (DFT) to evaluate thermodynamic stabil-
ity of complexation. The SA calculations were performed under a vacuum condition and the subsequent DFT 
calculation was performed with solvent effect of water based on polarized continuum model PCM).
For SA calculation, the universal force field was used with the cutoff distance 12.5 Å and the parameters of 
annealing simulation were set as follows: a total of 20 annealing cycles, an initial temperature of 173 K, a mid-
cycle temperature of 2,373 K, 5 heating ramps per cycle, with 200 dynamic steps per ramp. After each cycle, the 
lowest energy configuration was reoptimized by a molecular dynamics (MD) simulation and van der Waals, 
electrostatic, and total potential energies of the complexes were calculated based on the results of calculation: 
simulation length of 5 ps with a 1 fs time step at a temperature of 298 K, taking conformations every 5,000 steps. 
The force field used was Dreiding 2.21 with Gasteiger charges as implemented in the Materials Studio package. 
The geometry optimization was performed by using smart algorithm in Forcite module of Materials Studio: 
convergence tolerance energy of 2 × 10−5 kcal/mol, force of 0.001 kcal/mol/Å, and displacement of 1 × 10−5 Å with 
maximum number of iterations of 500 for an independent optimization in the microcanonical ensemble (NVE).
For DFT calculation, the resulting SA-calculated lowest energy geometries of the complexes were further 
optimized at M06-02X/6-31G(d,p) level calculation including solvent effect of water (PCM) using Gaussian16 
package to obtain Gibbs free energy of the complexes with zero-point energy correction. The corresponding 
biding energy of Ebinding in the C60-sugar complexes were determined by the differences of energy of complex 
EC60-sugar and the sum of energy of isolated C60 (EC60) and sugar (Esugar) as shown in Eq. (2). The correction for 
basis set superposition error (BSSE) of
BSSEcorrection was calculated at the same level of calculation M06-02X/6-31G(d,p) without solvent effect of 
water using the Counterpoise key word in Gussian16. Values of EC60-sugar, EC60 + Esugar, BSSEcorrection, and Ebinding 
corresponded to the complexes are summarized in Tables S1–S3. The resulting geometries of of 1:1 complexes 
are depicted with the numbers of non-bonding interactions of CH–π, OH–π, and O:–π (distances ≤ 3.5 Å) as 
shown in Figs. S4–S11. Also, the coordinates of the optimized structure of the complexes are summarized in 
Tables S4–S11.
Received: 30 June 2020; Accepted: 4 August 2020
References
 1. Huang, G. L. & Huang, H. L. Hyaluronic acid-based biopharmaceutical delivery and tumor-targeted drug delivery system. J. 
Control. Rel. 278, 122–126 (2018).
 2. Rautio, J., Meanwell, N. A., Di, L. & Hageman, M. J. The expanding role of prodrugs in contemporary drug design and develop-







Scientific RepoRtS |        (2020) 10:13850  | https://doi.org/10.1038/s41598-020-70904-3
www.nature.com/scientificreports/
 3. Eon-Duval, A., Broly, H. & Gleixner, R. Quality attributes of recombinant therapeutic proteins: an assessment of impact on safety 
and efficacy as part of a quality by design development approach. Biotechnol. Prog. 28, 608–622 (2012).
 4. Shinkawa, T. et al. The absence of fucose but not the presence of galactose or bisecting N-acetylglucosamine of human IgG1 
complex-type oligosaccharides shows the critical role of enhancing antibody-dependent cellular cytotoxicity. J. Biol. Chem. 278, 
3466–3473 (2003).
 5. Sheeley, D. M., Merrill, B. M. & Taylor, L. C. Characterization of monoclonal antibody glycosylation: Comparison of expression 
systems and identification of terminal α-linked galactose. Anal. Biochem. 247, 102–110 (1997).
 6. Chung, C. H. et al. Cetuximab-induced anaphylaxis and IgE specific for galactose-α-1,3-galactose. N. Engl. J. Med. 358, 1109–1117 
(2008).
 7. Kubota, K., Kubo, T., Tanigawa, T., Naito, T. & Otsuka, K. New platform for simple and rapid protein-based affinity reactions. Sci. 
Rep. 7, 178 (2017).
 8. Salimi, K., Usta, D. D., Koçer, İ, Çelik, E. & Tuncel, A. Protein A and protein A/G coupled magnetic  SiO2 microspheres for affinity 
purification of immunoglobulin G. Int. J. Biol. Macromol 111, 178–185 (2018).
 9. Lynch, K. B., Ren, J., Beckner, M. A., He, C. & Liu, S. Monolith columns for liquid chromatographic separations of intact proteins: 
A review of recent advances and applications. Anal. Chim. Acta 1046, 48–68 (2019).
 10. Muneeruddin, K., Thomas, J. J., Salinas, P. A. & Kaltashov, I. A. Characterization of small protein aggregates and oligomers 
using size exclusion chromatography with online detection by native electrospray ionization mass spectrometry. Anal. Chem. 86, 
10692–10699 (2014).
 11. Cai, W. et al. Top-down proteomics of large proteins up to 223 kDa enabled by serial size exclusion chromatography strategy. Anal. 
Chem. 89, 5467–5475 (2017).
 12. Muneeruddin, K., Nazzaro, M. & Kaltashov, I. A. Characterization of intact protein conjugates and biopharmaceuticals using 
ion-exchange chromatography with online detection by native electrospray ionization mass spectrometry and top-down tandem 
mass spectrometry. Anal. Chem. 87, 10138–10145 (2015).
 13. Yan, Y., Liu, A. P., Wang, S., Daly, T. J. & Li, N. Ultrasensitive characterization of charge heterogeneity of therapeutic monoclonal 
antibodies using strong cation exchange chromatography coupled to native mass spectrometry. Anal. Chem. 90, 13013–13020 
(2018).
 14. Chen, B. et al. Online hydrophobic interaction chromatography–mass spectrometry for the analysis of intact monoclonal antibod-
ies. Anal. Chem. 90, 7135–7138 (2018).
 15. Li, D. J., Chen, Y. & Liu, Z. Boronate affinity materials for separation and molecular recognition: structure, properties and applica-
tions. Chem. Soc. Rev. 44, 8097–8123 (2015).
 16. Zhao, X. Y., Cai, P. F., Sun, C. R. & Pan, Y. J. Application of ionic liquids in separation and analysis of carbohydrates: State of the 
art and future trends. Trac-Trend. Anal. Chem. 111, 148–162 (2019).
 17. Mantovani, V., Galeotti, F., Maccari, F. & Volpi, N. Recent advances in capillary electrophoresis separation of monosaccharides, 
oligosaccharides, and polysaccharides. Electrophoresis 39, 179–189 (2018).
 18. Ikegami, T., Tomomatsu, K., Takubo, H., Horie, K. & Tanaka, N. Separation efficiencies in hydrophilic interaction chromatography. 
J. Chromatogr. A 1184, 474–503 (2008).
 19. Shen, A. J., Guo, Z. M. & Liang, X. M. Development and application of hydrophilic interaction liquid chromatographic stationary 
phases. Prog. Chem. 26, 10–18 (2014).
 20. Shen, A. J. et al. Glutathione-based zwitterionic stationary phase for hydrophilic interaction/cation-exchange mixed-mode chro-
matography. J. Chromatogr. A 1314, 63–69 (2013).
 21. Yuan, N. et al. Glucose-based carbon dots-modified silica stationary phase for hydrophilic interaction chromatography. J. Chro-
matogr. A 1619, 460930 (2020).
 22. Melmer, M., Stangler, T., Premstaller, A. & Lindner, W. Comparison of hydrophilic-interaction, reversed-phase and porous graphitic 
carbon chromatography for glycan analysis. J. Chromatogr. A 1218, 118–123 (2011).
 23. Palmisano, G., Larsen, M. R., Packer, N. H. & Thaysen-Andersen, M. Structural analysis of glycoprotein sialylation–part II: LC–MS 
based detection. RSC Adv. 3, 22706–22726 (2013).
 24. Abrahams, J. L., Campbell, M. P. & Packer, N. H. Building a PGC–LC–MS N-glycan retention library and elution mapping resource. 
Glycoconj. J. 35, 15–29 (2018).
 25. West, C., Elfakir, C. & Lafosse, M. Porous graphitic carbon: a versatile stationary phase for liquid chromatography. J. Chromatogr. 
A 1217, 3201–3216 (2010).
 26. Melmer, M., Stangler, T., Premstaller, A. & Lindner, W. Effects of the redox state of porous graphitic carbon on the retention of 
oligosaccharides. J. Chromatogr. A 1217, 6097–6101 (2010).
 27. Gabbanini, S., Lucchi, E., Guidugli, F., Matera, R. & Valgimigli, L. Anomeric discrimination and rapid analysis of underivatized 
lactose, maltose, and sucrose in vegetable matrices by U-HPLC–ESI-MS/MS using porous graphitic carbon. J. Mass Spectrom. 45, 
1012–1018 (2010).
 28. Alberti, M., Aguilar, A., Huarte-Larranaga, F., Lucas, J. M. & Pirani, F. Benzene-hydrogen bond (C6H6–HX) interactions: The 
influence of the X nature on their strength and anisotropy. J. Phys. Chem. A 118, 1651–1662 (2014).
 29. Zhao, C., Li, P., Smith, M. D., Pellechia, P. J. & Shimizu, K. D. Experimental study of the cooperativity of CH−π interactions. Org. 
Lett. 16, 3520–3523 (2014).
 30. Zhao, C. et al. Do deuteriums form stronger CH−π interactions?. J. Am. Chem. Soc. 134, 14306–14309 (2012).
 31. Fernández-Alonso, M. D. C., Cañada, F. J., Jiménez-Barbero, J. & Cuevas, G. Molecular recognition of saccharides by proteins. 
Insights on the origin of the carbohydrate–aromatic interactions. J. Am. Chem. Soc. 127, 7379–7386 (2005).
 32. Vandenbussche, S. et al. Aromatic–carbohydrate interactions: An NMR and computational study of model systems. Chem. Eur. J 
14, 7570–7578 (2008).
 33. Bao, L. P., Peng, P. & Lu, X. Bonding inside and outside fullerene cages. Acc. Chem. Res. 51, 810–815 (2018).
 34. Chen, M. Q., Guan, R. N. & Yang, S. F. Hybrids of fullerenes and 2D nanomaterials. Adv. Sci. 6, 1800941 (2019).
 35. Maier, J. P. & Campbell, E. K. Fullerenes in space. Angew. Chem. Int. Ed. 56, 4920–4929 (2017).
 36. Segawa, Y., Ito, H. & Itami, K. Structurally uniform and atomically precise carbon nanostructures. Nat. Rev. Mater. 1, 1–14 (2016).
 37. Kubo, T. et al. Specific intermolecular interactions by the localized π-electrons in C70-fullerene. ChemistrySelect 1, 5900–5904 
(2016).
 38. Kubo, T., Murakami, Y., Naito, T. & Otsuka, K. C60-fullerene bonded silica monolithic capillary for specific separations of aromatic 
compounds. Chromatography 36, 105–113 (2015).
 39. Kubo, T. et al. Development of a C 60-fullerene bonded open-tubular capillary using a photo/thermal active agent for liquid 
chromatographic separations by π–π interactions. J. Chromatogr. A 1323, 174–178 (2014).
 40. Kubo, T. et al. Unique separation behavior of a C60 fullerene-bonded silica monolith prepared by an effective thermal coupling 
agent. Chem. Eur. J 21, 18095–18098 (2015).
 41. Kanao, E. et al. Isotope effects on hydrogen bonding and CH/CD−π interaction. J. Phys. Chem. C 122, 15026–15032 (2018).
 42. Kanao, E. et al. Differentiating π interactions by constructing concave/convex surfaces using a bucky bowl molecule, corannulene 
in liquid chromatography. Anal. Chem. 91, 2439–2446 (2018).
 43. Kanao, E. et al. Separation of halogenated benzenes enabled by investigation of halogen–π interactions with carbon materials. 
Chem. Sci. 11, 409–418 (2020).
9Vol.:(0123456789)
Scientific RepoRtS |        (2020) 10:13850  | https://doi.org/10.1038/s41598-020-70904-3
www.nature.com/scientificreports/
 44. Kanao, E., Naito, T., Kubo, T. & Otsuka, K. Development of a C70-fullerene bonded silica-monolithic capillary and its retention 
characteristics in liquid chromatography. Chromatography 38, 45–51 (2017).
 45. Fang, J. J., Qin, G. C., Ma, J. & She, Y. M. Quantification of plant cell wall monosaccharides by reversed-phase liquid chromatog-
raphy with 2-aminobenzamide pre-column derivatization and a non-toxic reducing reagent 2-picoline borane. J. Chromatogr. A 
1414, 122–128 (2015).
 46. Kanao, E. et al. Tunable liquid chromatographic separation of H/D isotopologues enabled by aromatic π interactions. Anal. Chem. 
92, 4065–4072 (2020).
 47. Liu, H. & Cantwell, F. F. Electrical double-layer model for sorption of ions on octadecylsilyl bonded phases including the role of 
residual silanol groups. Anal. Chem. 63, 993–1000 (1991).
 48. Boys, S. F. & Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some pro-
cedures with reduced errors. Mol. Phys. 19, 553–566 (1970).
 49. Choi, J. I., Snow, S. D., Kim, J.-H. & Jang, S. S. Interaction of C60 with water: First-principles modeling and environmental implica-
tions. Environ. Sci. Technol. 49, 1529–1536 (2015).
 50. Fomina, L., Reyes, A., Guadarrama, P. & Fomine, S. Oniom (MP2: PM3) study of C60–water complex. Int. J. Quant. Chem. 97, 
679–687 (2004).
 51. Andrievsky, G., Klochkov, V., Bordyuh, A. & Dovbeshko, G. Comparative analysis of two aqueous-colloidal solutions of C60 
fullerene with help of FTIR reflectance and UV–Vis spectroscopy. Chem. Phys. Lett. 364, 8–17 (2002).
 52. Kumar, R. M., Baskar, P., Balamurugan, K., Das, S. & Subramanian, V. Interaction of ethylene glycol–water clusters with aromatic 
surfaces. RSC Adv. 3, 7798–7807 (2013).
 53. Güryel, S. et al. A computational study on the role of noncovalent interactions in the stability of polymer/graphene nanocomposites. 
J. Mol. Model. 23, 43 (2017).
 54. Davies, M. J. et al. Use of a porous graphitized carbon column for the high-performance liquid-chromatography of oligosaccharides, 
alditols and glycopeptides with subsequent mass-spectrometry analysis. J. Chromatogr. 646, 317–326 (1993).
 55. Melmer, M., Stangler, T., Premstaller, A. & Lindner, W. Solvent effects on the retention of oligosaccharides in porous graphitic 
carbon liquid chromatography. J. Chromatogr. A 1217, 6092–6096 (2010).
 56. Robinson, S., Bergstrom, E., Seymour, M. & Thomas-Oates, J. Screening of underivatized oligosaccharides extracted from the stems 
of Triticum aestivum using porous graphitized carbon liquid chromatography-mass spectrometry. Anal. Chem. 79, 2437–2445 
(2007).
 57. Mazzobre, M. F., Román, M. V., Mourelle, A. F. & Corti, H. R. Octanol–water partition coefficient of glucose, sucrose, and trehalose. 
Carbohydr. Res. 340, 1207–1211 (2005).
 58. Giuffrida, S., Cottone, G. & Cordone, L. Role of solvent on protein-matrix coupling in MbCO embedded in water-saccharide 
systems: A Fourier transform infrared spectroscopy study. Biophys. J. 91, 968–980 (2006).
Acknowledgements
This research was partly supported by the JST CREST Grant Number JPMJCR17H2, Japan, NSF CHEM-1112436, 
Mukai Science and Technolgy Foundation, and Toyota Riken Scholar Program.
Author contributions
H. Kobayashi assisted the preparation of the columns and LC evaluations. K. Okada assisted the preparation 
of the columns and LC evaluations. S. Tokuda assisted the preparation of the columns and LC evaluations. E. 
Kanao assisted the preparation of the columns and LC evaluations. Y. Masuda assisted the preparation of the 
columns and LC evaluations. T. Naito contributed for all the calculation works in computer simulations. H. 
Takaya contributed for all the calculation works in computer simulations. M. Yan supported the methodology 
and supervision. T. Kubo contributed to conceptualization, funding acquisition, project administration, supervi-
sion, and all the writing. K. Otsuka supported the writing for review and editing.
competing interests 
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-70904 -3.
Correspondence and requests for materials should be addressed to T.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
